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Figure 1. Calpeptin Inhibits the Formation of Growth Cones after Axotomy
Examples of Aplysia neurons transected in (A) ASW or (B) in ASW containing 100 M calpeptin. The neuron that was transected in the absence of calpeptin underwent a series of morphological alterations, including flattening out of the tip and engorgement of an area 100 m from the tip, followed by the extension of lamelipodia from that same area 15 min later. In contrast, the neuron transected in the presence of calpeptin did not manifest the aforementioned alterations and did not extend a growth cone. Time is given in minutes from axotomy. Scale bar, 50 m.
region of the transected tip. Within minutes of axotomy, involved in the cascade of events leading to growth cone formation after axotomy. To examine this possibility, we the axon's membrane reseals. Afterward, the area of the tip flattens out, while an area located 50-150 m from imaged the spatiotemporal distribution of proteolytic activity and characterized its relation to the [Ca 2ϩ ] i gradithe tip increases in diameter. Ten to twenty minutes from axotomy, a flat lamelipodium emerges from the ent caused by axotomy. To achieve this goal, we simultaneously imaged [Ca 2ϩ ] i enlarged area, extending later from the whole tip ( Figure  1A ). Subsequently, the lamelipodium breaks up into neuusing mag-fura-2 Spira, 1995, 1997) and proteolytic activity using the fluorogenic membrane-permeable rites, which continue extending independently. In order to investigate the possible role of calpain in growth cone proteolysis indicator bis(CBZ-L-Alanyl-L-Alanine amine)-Rhodamine 110 (bCAA-R110). bCAA-R110 is nonfluoformation, we transected Aplysia cultured neurons in artificial seawater (ASW) containing 100 M calpeptin rescent, whereas the products of the cleavage of its amide bonds, Rhodamine 110 (R110) and its monoamides, (Calbiochem), a membrane-permeable calpain inhibitor (Tsujinaka et al., 1988) . Calpeptin did not prevent memare highly fluorescent (Leytus et al., 1983) . As a result, when bCAA-R110 is cleaved by a protease, a fluorescent brane resealing, as evidenced by continuous recording of the resting potential and input resistance before, dursignal appears at the site of proteolysis.
For the experiments, neurons were injected with maging, and after axotomy (data not shown; for details of methods see fura-2 to reach a final intracellular concentration of 25-75 M. Afterwards, the bathing medium was re-1995, 1997; . Nevertheless, in the presence of calpeptin, axotomy was not followed by the placed by ASW containing 10 M bCAA-R110. Images of the proteolytic activity were produced by ratioing extension of a growth cone lamelipodium ( Figure 1B ). In the continuous presence of the inhibitor, no growth images obtained at excitation wavelengths of 490 nm (for bCAA-R110) and 350 nm (calcium-independent cone was formed in 19 out of 23 transected axons. In the rest, a stunted growth cone did appear, but at a mag-fura-2 signal; see Experimental Procedures), while [Ca 2ϩ ]i was imaged by ratioing images taken at excitation significant delay. When calpeptin was removed from the bath 30-60 min after axotomy by perfusing the bath with wavelengths of 380 nm and 340 nm as previously described by Spira (1995, 1997) . ASW, either no growth whatsoever occurred within the next hour (7 out of 14 experiments) or only a small growth As a baseline for our experiments, we monitored the proteolytic activity in intact neurons (n ϭ 5; data not cone appeared (7 out of 14 experiments).
shown). We observed a gradual and slow increase in the fluorescent signal related to this activity. The signal Axotomy Induces a Localized Transient Elevation of the Free Intracellular Calcium Concentration reached a low steady-state level ‫06-04ف‬ min after the addition of the indicator to the external solution.
and of Proteolytic Activity at the Severed Tip
The observation that the calpain inhibitor calpeptin
We next examined the hypothesis that intracellular proteases are activated by axotomy. In these experiblocks the dedifferentiation of the transected axonal tip into a growth cone suggested that calpain may be ments, we followed the basal proteolytic activity of the 1996). As a result, the [Ca 2ϩ ]i level transiently increased, forming a sharp concentration gradient of Ͼ1000 M at the tip of the axon ( Figure 2C ) and Ͻ100 M at a distance of ‫002ف‬ m from the cut end. The calcium gradient declined to control values within a few minutes ( Figure  2C ). Axotomy was followed by a significant increase in the level of the proteolytic activity (Figures 2A and 2C) . The increase was first detected ‫5ف‬ min after axotomy. Initially, the proteolytic index increased in a homogeneous manner in the axoplasm, along an axonal segment 200-250 M in length. Thereafter, discrete peaks of activity developed, in which the proteolytic index reached a maximum within 20-45 min of axotomy (Figures 2A and  2C ). The proteolytic index in the rest of the tip continued rising in a slower manner. After peaking, the proteolytic activity gradually decreased. The site revealing the highest proteolytic activity always became the growth cone's center, as shown by concurrent video enhanced contrast/differential interference contrast (VEC-DIC) images of the extending growth cone (compare Figures 2A and 2B) .
We noted that the focus of proteolytic activity and the site where the growth cone extended were found within an axonal segment in which the calcium concentration was maximally elevated to 200-500 M (n Ͼ 15). It was therefore reasonable to assume that this range of [Ca 2ϩ ]i is optimal for the activation of the proteolytic activity. If this hypothesis is correct, then it is predicted that a shift of the [Ca 2ϩ ]i gradient along the axon would result in a corresponding shift in the site of maximal proteolytic activation and the site from which the growth cone extends. at the axon's tip to ‫002ف‬ M ( Figure 3A ). This was [Ca 2ϩ ] i rose at the tip of the transected axon to a maximal value of achieved by transecting the neurons in low calcium ASW 1200 M for a duration of a few seconds (closed squares in [C] ).
(0.5 mM instead of 11 mM) and gradually raising the Figure 3B and Figure 2A ). In addition, growth cone forincrease in the proteolysis index (15Ј and 30Ј), at the peak of the mation occurred also at the very tip (Figures 3C and proteolytic activity (45Ј), and after proteolytic activity started to de-3D). These experiments (n ϭ 5), and the experiments crease (75Ј). The proteolytic activity developed in a nonhomogenous manner, with the highest value 100 m from the transection point carried out in normal ASW, demonstrate a strong corre- tivity, and the site where growth cone formation occurs.
The color bar to the left of the images encodes the extent of proteo-
The spatiotemporal relations described above, and the lytic activity (the proteolytic index). Time is given in minutes. (B) previously mentioned inhibitory action of calpeptin on In a recent study, Ziv and Spira (1997) showed that a focal and transient elevation of the [Ca 2ϩ ] i to 300-500 M is a sufficient signal to induce growth cone formation neuron for ‫02ف‬ min (Figures 2A and 2C ) and then transected the axon with a sharp micropipette as previously from the axons of intact neurons. Morphologically and ultrastructurally, growth cone formation under these described (Benbassat and Spira, 1993; Spira et al., 1993, A neuron was transected in ASW containing 5% of the normal Ca 2ϩ concentration while [Ca 2ϩ ] i , proteolytic activity, and the ensuing morphological alterations were monitored. Approximately 1 min after axotomy, the bath was superfused with ASW containing increasingly higher levels of Ca 2ϩ until the normal level was reached. Under these conditions, the maximal bulk [Ca 2ϩ ]i recorded at the tip due to Ca 2ϩ influx through the cut end was reduced to 110 M. conditions resembled the emergence of the growth cone M calpeptin to untransected neurons did not inhibit this proteolytic process (data not shown). In contrast to after axotomy.
To determine whether transient elevation of [Ca 2ϩ ] i , that, we found that in most experiments (16 out of 20 experiments), the addition of 100 M calpeptin to the rather than other injury-related processes, is a sufficient signal to activate proteolysis, we focally applied ionobathing solution prior to axotomy completely inhibited the proteolytic activity induced by axotomy, as well as mycin onto the axon's membrane while simultaneously monitoring [Ca 2ϩ ]i and proteolysis (Figure 4 ; n ϭ 7). We the formation of the growth cone ( Figure 5 ). Calpeptin did not affect the recovery of [Ca 2ϩ ]i to control levels found that proteolytic activity was induced at a restricted segment of the axon, which overlapped the part once the membrane resealed ( Figure 5C ), suggesting that calpeptin does not alter the Ca 2ϩ handling power of the axon in which [Ca 2ϩ ]i had been elevated to 300-400 M (Figures 4A-4D ). The time course of the [Ca 2ϩ ] i tranof the neuron. In those experiments where a stunted growth cone did extend in the presence of calpeptin, sient and of that of the proteolytic activity was similar to that observed following axotomy (compare Figure 2C weak proteolytic activity was observed at the growth cone's base (4 out of 20; data not shown). Removal of with Figure 4F ). The increase in proteolytic activity was detected within 2 min of the increase in [Ca 2ϩ ] i . Eventucalpeptin from the dish after axotomy always resulted in an immediate increase in the rate of proteolysis (n ϭ ally, a growth cone emerged from the point where [Ca 2ϩ ] i and proteolysis were increased, within a time period 14; data not shown). In half of these experiments, growth cones did not extend within an hour, a period of time similar to that measured in the axotomy experiments ( Figure 4E ). These results illustrate that a transient inwithin which growth cones invariably emerge in control conditions. In the rest of these experiments, a small crease in [Ca 2ϩ ]i is sufficient to induce both proteolytic activity and growth cone formation.
growth cone did extend from the location where proteolytic activity was evident. A possible explanation for these results is that the concerted activation of addiCalpeptin Inhibits the Calcium-Induced Proteolytic Activity and Growth Cone Formation tional enzymatic processes is needed to enable the formation of the growth cone (see Discussion). but Not the Basal Activity In the previous sections, we have shown that proteolytic Consistent with the results described above, calpeptin inhibited both the proteolytic activity induced by the activity occurs after axotomy and that calpeptin inhibits growth cone formation. We shall now demonstrate that focal application of ionomycin and the formation of a growth cone (n ϭ 4; Figure 6 ). In the experiment decalpeptin inhibits the proteolytic activity.
We first characterized the effect of calpeptin on the scribed in Figure 6 , ionomycin was applied to the same axon at two locations, before and after the addition of basal proteolytic activity. We found that addition of 100 calpeptin to the external medium. The ionomycin appliConfocal microscopic images of control neurons revealed that spectrin is abundant at the submembrane cations were executed in such a way that [Ca 2ϩ ] i was raised to approximately the same level and for the same domain and less so in the inner axonal space ( Figure  7A ). We found that axotomy greatly reduces the density length of time in both instances. The application of ionomycin in the absence of calpeptin was followed by the of submembrane spectrin in regions where the [Ca 2ϩ ] i was elevated and in which proteolytic activity was inlocal activation of proteases and by growth cone extension (left images in Figures 6B-6E ). In contrast, the same duced. Figure 7D depicts spectrin staining in an axon fixed 18 min after axotomy. In this example, spectrin was treatment in the presence of calpeptin failed to induce either a local proteolytic response or growth cone formaremoved from the focus of proteolytic activity ( Figure 7C ) and from the submembrane domain at the tip, without tion (right images in Figures 6B-6E) .
These results imply that the basal proteolytic process affecting appreciably its inner axonal density. Note that this neuron was in the initial stages of growth cone and the calcium-induced one are unrelated, as they are inhibited differently by the same inhibitor. Only the calformation, as evidenced by the small area of the emerging lamelipodium (arrowhead in Figure 7B ). In an axon peptin-sensitive protease plays a role in the calciuminduced dedifferentiation of an axon into a growth cone.
fixed 25 min after axotomy ( Figures 7E-7G ), the spectrin staining density was reduced in the whole tip ( Figure  7G ). This neuron extended an appreciable lamelipodium Reduction in Spectrin Density Spatially Correlates with Increased Levels of Proteolytic Activity before being fixed ( Figure 7E ). In both instances, an abrupt drop in spectrin density was observed in the and with the Formation of the Growth Cone Aunis and Bader (1988) and Perrin et al. (1992) sugsame region where the proteolytic activity was most intense (compare Figures 7D and 7G with 7C and 7F) . gested that removal of spectrin makes the inner surface of secretory cells accessible for fusion with intracellular This region overlaps with the site from which the growth cone invariably emerges ( Figures 7B and 7E ). We found membranes. As spectrin is a substrate of calpain, and since the growth process requires the insertion of intrathat when proteolysis was inhibited by calpeptin, spectrin density did not decrease. Under these conditions, cellular membranes into the neurolema, we next studied the relations between calcium-induced proteolysis, the spectrin was found to surround the whole of the axon, up to the very tip (n ϭ 8; Figure 7H ). These results distribution of axonal spectrin, and the formation of the growth cone. For this purpose, we transected the neuare consistent with the possibility that Ca 2ϩ -dependent proteolytic processes remove the spectrin-based memrons, measured both the [Ca 2ϩ ] i transient and the ensuing proteolytic activity, and then immunolabeled the brane skeleton and thereby facilitate the insertion of intracellular membranes into the neurolema. neurons with anti-spectrin antibodies (n ϭ 11; Figure 7 ). ]i rose to ‫0071ف‬ M, no additional proteolytic activity was initiated by axotomy. There was no evident change in the rate of proteolysis before and after axotomy, and the proteolytic index continued rising slowly throughout the duration of the experiment. The only effect of axotomy was an abrupt drop in fluorescence that occurred during axotomy. The values plotted with squares were obtained from an area located near the axon's tip, whereas triangles designate an axonal area found 80 m proximal to the tip.
Discussion
that a transient increase in the [Ca 2ϩ ] i , caused by axotomy or by transient elevation of [Ca 2ϩ ] i in axons of intact neurons, leads to localized proteolytic activity, to a reThis is the first report to directly identify the involvement of calcium-induced intracellular proteolysis in the production in the submembrane density of spectrin, and to growth cone formation. Inhibition of the proteolytic cess of growth cone formation after axotomy. We found activity by calpeptin inhibits both the reduction in the density of spectrin and the formation of the growth cone, without preventing the removal of Ca 2ϩ . We thus suggest that calcium-induced localized proteolysis is a necessary step in the cascade of events leading to growth cone formation following axotomy.
Calcium-induced proteolytic activity was detected in the axoplasm as early as 2-5 min after the induction of a localized increase in [Ca 2ϩ ] i , caused either by the application of ionomycin or by axotomy (Figures 2 and  4) . We presume that earlier stages of the calciuminduced proteolysis were not detected by us, as the initial fluorescent signal produced by the proteolytic product R110 must have been too faint. The bulk axonal proteolytic activity reached a peak within 20-45 min and thereafter decelerated so that the fluorescent signal reporting it decreased to control levels within an additional hour. Similar kinetics have been reported for the initial detection of calpain activity in human platelets. The cleavage of talin, of actin-binding protein, and of phospholipase C 3␤ is initially detectable within ‫5ف‬ min of the incubation of platelets in a solution including 1 M of the calcium ionophore A23187. Proteolysis proceeds for Ͼ20 min, as seen in SDS-PAGE gels and Western blots (Banno et al., 1995) .
The maximal level of proteolytic activity was observed in a region in which the calcium concentration had previously reached a level of 300-500 M. Segments found proximal ([Ca 2ϩ ] i Ͻ 200 M) and distal ([Ca 2ϩ ] i Ͼ 600 M) to this region revealed lower levels of proteolysis. The growth cone's lamelipodium consistently emerged from this region.
Characterization and Mode of Action of the Calcium-Induced Intracellular Protease
A central question concerning our observations is the identity of the protease responsible for the activity reported by us and its mode of action. The properties of the protease activated by axotomy or transient elevation of [Ca 2ϩ ] i , and its relation to growth cone formation, suggest that it is calpain. This is based on the follow- (Tsujinaka et al., 1988) , inhibits the proteolytic activity Consistent with this point of view is the characteristic in the axon in two ways. First, spectrin was removed from the subdependence of calpain on calcium for its activation and membrane domain at the region of the tip, without changing much of the intraaxonal density. In contrast, spectrin density was dethe subsequent lower dependence of calpain on calcium creased in both the core and the cortex of the axon, in the region after autoproteolysis (Saido et al., 1994; Kawasaki and where proteolytic activity is evident in (C). (E) shows a VEC-DIC Kawashima, 1996) . Based on the temporal relations beimage of a transected axon, at a more advanced stage of the emertween the [Ca 2ϩ ] i transient and the activation of the progence of a growth cone. The image was taken 25 min after axotomy teolytic activity, we assume that calpain is autoproteoand just prior to fixation. A full-fledged lamelipodium is evident. (F) lyzed during the initial surge of [Ca 2ϩ ] i and then remains shows a pseudocolor image of the proteolytic activity in the same axon. (G) shows spectrin immunolabeling of the axon seen in (E) and (F). In this instance, spectrin density is reduced from the point where the maximal proteolytic activity was recorded, up to the tip. axotomy. Note that spectrin was not removed from the submem-(H) shows spectrin immunolabeling of an axon transected in the brane domain, so that it ensheaths the whole axon, up to the tip. presence of 100 M calpeptin. The neuron was fixed 23 min after Scale bar for (A) through (H), 50 m.
active at lower [Ca 2ϩ ]i levels. Calpain is gradually further 1998; Spira, 1997, 1998) , we tentatively suggest the following cascade of events to autoproteolyzed and so becomes inactive (Nishimura and Goll, 1991; Raser et al., 1995) . In addition, it is disunderlie the process of growth cone formation after axotomy of cultured Aplysia neurons. The culturing procepersed with the membrane vesicles to which it is bound (see below). dure primes the neurons for growth by upregulating the expression of proteins that are essential for growth proVarious types of calpain have been identified, including m-calpain, which is activated by concentrations of cesses (Ambron et al., 1996) . A transient localized increase in the free intracellular calcium concentration, calcium ions in the range of hundreds of micromolars, and -calpain, which is activated at the low micromolar from a resting level of ‫1.0ف‬ M to 200-500 m, triggers the activation of cytoplasmic calpains. The calcium-actilevel (Saido et al., 1994; Kawasaki and Kawashima, 1996) . Since at least 200 M [Ca 2ϩ ]i is needed to initiate vated calpains undergo autoproteolysis and are translocated to the plasma membrane, subcellular organelles, growth cone formation when ionomycin is applied to the axon (Ziv and Spira, 1997), we tentatively attribute and endocytotic vesicles. The axolema-and vesiclebound calpains induce extensive remodeling of the the observed proteolytic activity to m-calpain.
We showed that besides the calcium-induced proteomembrane skeleton and cytoskeleton. These alterations underlie two main processes essential for the initiation lytic activity, the neuron also exhibits continuous low level basal activity, which is not affected by calpeptin.
of growth cone extension: the local dissociation of cytoskeletal elements produces a region in which transWe do not know the nature of this activity or the identity of its effector.
ported and endocytosed vesicles accumulate. These vesicles form a membrane store, available for the extension of the growth cone. The second essential process The Spatiotemporal Distribution of the Proteolytic is the exposure of the inner face of the plasma memActivity and Its Relation to Growth brane by the removal of the spectrin-based membrane Cone Extension skeleton. The exposed membrane is made accessible Inactive calpain is considered to be a soluble enzyme for the fusion of intracellular vesicles (Aunis and Bader, homogeneously distributed throughout the cell's inte-1988; Perrin et al., 1992) . Subsequently, microtubules rior. Its activation is thought to be associated with its extend perpendicularly to the membrane (Ziv and Spira, translocation to membranes Kuma-1997 ) from newly exposed nucleation sites (Yu et al., moto et al., 1992; Kawashima, 1996). 1994; Baas, 1997) . The microtubules direct membrane Since the proteolysis substrate, bCAA-R110, and its vesicles to the plasma membrane through rapid axonal product, R110, are both of small molecular weight, it transport mechanisms (Martenson et al., 1993) , thus would be expected that following the induction of prosupplying locally accumulated building materials to the teolytic activity, the fluorescent product would be disnascent growth cone. Eventually, long term mechanisms tributed along a long axonal segment, encompassing at supply the needs of the extending growth cone. least the area in which high [Ca 2ϩ ] i levels were recorded. We showed that removal of calpeptin within 20-30 Our results show, however, that initially only a narrow min of axotomy reversed at least some of its inhibiting profile of proteolytic activity is formed (see Figures 2 effects. The ensuing proteolytic activity nevertheless and 4). It is not probable that this is due to the accumulafailed in half of the cases to produce growth cones (7 tion of either bCAA-R110 or R110 at that location, since out of 14 experiments), whereas such growth as did both substances are membrane permeable. A more occur was limited. It is probable that growth cone formaplausible explanation would be that the processing protion necessitates the concerted activation of various tease accumulates at that site. This would be possible enzymatic processes. Therefore, it is conceivable that if activated calpain became associated with an intraceldeferring proteolytic activity, by its temporary inhibition, lular structure located at the site where the growth cone interferes with the converging activity of several enzyemerges. matic processes that underlie growth cone formation. Previous studies revealed accumulation of retrieved One group of enzymes that are possible candidates for axolemal membrane at the axon's center, at the location such a role are the protein kinases, since they are known from which the growth cone eventually emerges (Ashery to modulate the extension of neurites (Maness, 1992; Ziv and Spira, 1997) . Since calpain has been Goldberg and Wu, 1996) . reported to bind to membranes and vesicles (Ariyoshi et al., 1992; Sato et al., 1995; Melloni et al., 1996) , it is possible that after its activation by calcium, a fraction Calcium, Cytotoxicity, Neuronal of the active calpain associates with the inner face of Remodeling, and Regrowth the axolema, while another fraction associates with the Calcium is known to be toxic to cells, as happens during retrieved axolemal membrane. The very large density of excitotoxicity (Rothman and Olney, 1995) . Recent reretrieved membrane at this location may account for the search has found a connection between excitotoxicity focused fluorescent signal of the proteolytic product and calpain activation (Brorson et al., 1994; Saido et al., recorded from this location. 1994; Bednarski et al., 1995) . It was shown that neuronal survival after trauma such as hypoxia and ischemia can be enhanced by the inhibition of calpains (Wang and The Relation between Growth Cone Formation and Calpain Activation Yuen, 1994) . The results and the hypothesis we presented above require the elevation of [Ca 2ϩ ] i to levels Based on the results described here, as well as those described in earlier studies well within what is currently believed to be toxic to the culture medium consisted of equal parts of filtered hemolymph from cell (see also Ziv and Spira, 1997) . Indeed, when in ex- us that growth cone formation can be induced only by increases in [Ca 2ϩ ] i that are narrowly confined in terms of concentration and duration of exposure. Lower conAxotomy centrations do not trigger the formation of growth cones Axonal transection was performed by applying pressure on the axon with the thin shaft of a micropipette under visual control, as has (Ziv and Spira, 1997) , while long exposures (several minbeen previously described (Benbassat and Spira, 1993, 1994; Spira, 1993, 1995 ] i levels in the range of hundreds of micromolars a micropipette onto the axonal membrane as previously described have been previously described to occur in submem- (Ziv and Spira, 1997) . Briefly, ionomycin (calcium salt, Sigma) from a stock solution of 10 mM in dimethyl sulfoxide ( by mag-fura-2 imaging as described below. Ejection of the carrier "learning"-related processes  solution did not elevate the [Ca 2ϩ ]i , nor did it induce morphological Lynch et al., 1990) . In these studies, it was suggested changes.
that calpain activity participates in processes such as long-term potentiation (LTP) by perpetuating morpho-
Video Microscopy
logical changes in preexisting structures. This sugges-
The system used for DIC video microscopy consisted of a Zeiss tion is based on the detection of calpain-generated Axiovert microscope equipped with DIC optics, a long working distance condenser set for Koehler illumination, and a 100 W halogen spectrin fragments in NMDA-treated hippocampal slices light source. The objectives used were either a Zeiss 20ϫ 0.50 (Seubert et al., 1988; del Cerro et al., 1994) , as well as NA Plan-Neofluar objective or a Zeiss 40ϫ 0.75 NA Plan-Neofluar in slices that have been stimulated at the theta rhythm, objective. Images were collected by grabbing and averaging 32 a rhythm that is known to stimulate the production of video frames produced by a Vidicon video camera (Hamamatsu).
LTP . Translational suppression
Grabbing was done online with a frame grabber (Imaging Technoloof calpain expression in such slices reduced the formagies). After the experiment, the resulting images were enhanced by subtracting the image of an empty area of the culture dish and then tion of spectrin fragments (Bednarski et al., 1995) . In A recent study has linked calpain activation with remodeling of dendrites after sublethal excitotoxic injury Mag-fura-2 Ca 2؉ Imaging in vitro, as assessed by immunolabeling of both MAP2-Mag-fura-2 loading, imaging, and calibration were done as preand calpain-generated spectrin fragments (Faddis et al.,
viously described Spira, 1995, 1997) . Briefly, the neurons' 1997). This study showed that calpain activation is assocell bodies were impaled with a microelectrode containing 2 M KCl ciated not with the formation of injury-induced varicosiand 10 mM mag-fura-2 (Molecular Probes), and the indicator was loaded by pressure injection to a final concentration of 25-75 M.
ties but rather with their dissolution, thus supporting our
Imaging was performed after the dye had equilibrated throughout suggestion that calpain activation has a role in recovery ultimately inducing controlled growth cone formation.
The ratio values were converted to free intracellular Ca 2ϩ concentrations by means of calibration curves prepared as previously described Spira, 1995, 1997) .
Experimental Procedures
The fluorescent microscope system consisted of a Zeiss Axiovert microscope equipped with a 75 W Xenon arc lamp; a Zeiss 40ϫ Cell Cultures Neurons B1 and B2 from buccal ganglia of Aplysia californica were 0.75 NA Plan-Neofluar objective; 340 Ϯ 5 nm and 380 Ϯ 5 nm bandpass excitation filters set in a computer-controlled, 10 position filter isolated and maintained in culture as previously described (Schacher and Proshansky, 1983; Benbassat and Spira, 1993; Spira et al., changer (Lambda) ; a dichroic mirror with a cutoff threshold of 500 nm; and a 545 Ϯ 25 nm band-pass emission filter. The images were 1996). Briefly, buccal ganglia were isolated and incubated for 1.5-2.5 hr in 1% protease (type IX, Sigma) at 35ЊC. The ganglia were then collected with a CCD video camera (Hamamatsu) equipped with an image intensifier, digitized with a PC hosted frame grabber (Imaging desheathed, and the cell bodies of the buccal neurons with their long axons were pulled out with sharp micropipettes and placed Technologies), stored as computer files, and processed using a software package written in our laboratory. on poly-L-lysine-coated (Sigma) glass bottom culture dishes. The
Proteolytic Activity Imaging
Neurons that were previously loaded with mag-fura-2 were continuously incubated in ASW containing 10 M bis(CBZ-Alanyl-Alanine amine)-Rhodamine 110 (bCAA-R110, Molecular Probes) (Leytus et al., 1983) and were imaged to determine the level of proteolytic activity. Ratio imaging was performed as described for mag-fura-2 except that the excitation wavelengths used were 490 Ϯ 6 nm, which excites Rhodamine 110 (R110), and 350 Ϯ 5 nm, which excites magfura-2.
The formation of a growth cone, after both axotomy and the application of ionomycin, is associated with local changes in the neurons' morphology. Under these conditions, the obtained fluorescent images report changes in the quantity of the fluorophore, attributable to changes both in concentration and in volume. To correct for the volume changes, images obtained while exciting at 490 nm, which represent the release of fluorescent proteolysis products (R110 and its monoamide), were divided by images obtained at 350 nm, which represent the local cell dimensions, as reported by mag-fura-2 fluorescence. Since 348 nm is mag-fura-2's isosbestic point, as determined by us in calibration solutions (KCl 250 mM, EGTA 7 mM, MgCl 2 2 mM, CaCl 2 0-100 mM, and HEPES 20 mM [pH 7.4]; data not shown), images taken at 350 nm are hardly affected by changes in [Ca 2ϩ ]i . It is important to note that the level of interference between mag-fura-2 and R110 is small, because they are excitable at mutually exclusive ranges of the spectrum. To ascertain that the interference is small in practice, cells loaded with mag-fura-2 were imaged with R110 optics and vice versa. We found that R110 does not noticeably contribute to mag-fura-2 images, while mag-fura-2, at the concentrations used, offsets the observed fluorescence of R110 by ‫%2ف‬ of the peak values. This means that most "R110" fluorescence observed at the beginning of the experiment is contributed by magfura-2, but as soon as R110 is produced, this distortion becomes insignificant. The axons' autofluorescence at both wavelengths is negligible.
The decrease in mag-fura-2 fluorescence, due to its leakage out of the neuron during the experiment, is in the range of 10%. This means that the total error, introduced by ratioing against mag-fura-2 images obtained at an excitation wavelength of 350 nm, is 11% at most. The distortion caused by mag-fura-2 leakage was corrected by dividing each ratio image by the fraction of mag-fura-2 left in the neuron at that time. In order to calculate the fraction of mag-fura-2 Figure 8 . Determination of Dispersion-Related Parameters of R110 left in the neuron, a reference area was defined, in which no volume (A) shows the time constant of the leakage of R110 from an intact changes were observed (as determined by VEC-DIC) and in which axon. An untransected neuron was bathed in ASW containing 1 M no [Ca 2ϩ ]i changes were evident throughout the experiment. The R110 for 25 min. The bath solution was then exchanged with R110-mag-fura-2 fraction was then calculated by dividing the fluoresfree ASW, and the efflux rate of R110 was determined by measuring cence intensity value in the reference area in each image by the the decrease in fluorescence intensity at an arbitrary point along initial value of the same area at the beginning of the experiment. the axon. The fluorescence intensity of the axon decayed in a purely The image-processing manipulations introduced above produce exponential manner. In the example shown here, the time constant images corrected for spatial and temporal distortions in a reproducwas determined to be 3 min and 27 s. Time is given in minutes from ible manner. The resulting units of activity were termed "proteolysis the acquisition of the first image. (B) and (C) show the determination index." Proteolysis index values are comparable within an image, of the intracellular diffusion coefficient of R110 (DR110). In (B), 100 throughout the duration of an experiment. However, values cannot M R110 (in 2 M KCl) was injected for a duration of 50 ms into a be compared between experiments. cylindrical axon. The resulting diffusion profiles were collected (solid lines) and were fitted to Gaussian plots (dashed lines). For clarity purposes, only the profiles for 0, 1, 2, 4, and 14 s after injection are Determination of the Spatial and Temporal shown. In (C), the square of the width parameter of the Gaussians Resolution of the Proteolytic Processes was plotted as a function of the time from injection and DR110 was The fluorescent signal of the cleaved product of bCAA-R110 reliably extracted from the slope of the fitted line (see the Experimental provides the rate and location of the calcium-induced proteolytic Procedures). In the example presented here, DR110 was found to activity. This conclusion is based on a series of experiments in which be 93.66 m 2 /s. we characterized the permeability and the diffusion coefficient of the fluorescent product R110 and the proteolysis substrate bCAA-R110.
We found both R110 (Molecular Probes) and bCAA-R110 to be R110-free ASW ( Figure 8A ). This protocol also enabled us to meamembrane permeable. The permeability of bCAA-R110 is confirmed sure the rate of efflux of R110. We found that R110 leaks through by the detection of its cleavage product, R110, inside an axon after the plasma membrane with a time constant of 211 Ϯ 66 s (n ϭ 9). inducing proteolytic activity by the application of ionomycin ( Figure  In order to make sure that R110 is not retained in the transected 4) or by the detection of intracellular proteolytic activity when bCAAtip as a result of an axotomy-dependent process, we performed the R110 was added to the bath medium after the resealing of the above described measurement on newly transected neurons (data membrane (data not shown). not shown). We found transection of the neuron prior to the removal The permeability of R110 was tested by examining the fluoresof R110 not to have any effect on the measured efflux rate. cence that was retained in an axon after incubating a neuron in
We also determined the diffusion coefficient of R110 inside an axon by the method of Gabso et al. (1997) and found it to diffuse ASW containing 1 M R110 and perfusing the bath rapidly with rapidly with a diffusion coefficient of 68.8 Ϯ 15 m 2 /s (n ϭ 8) (Figures In order to observe the density of spectrin in a volume-independent manner, the axons were studied with a confocal microscope. 8B-8C).
Briefly, the axon of an untransected neuron was impaled with a The system consisted of a Biorad MRC-1024 confocal head coupled to a Zeiss Axiovert 135M inverted microscope equipped with a Zeiss sharp microelectrode containing 100 M R110 in a 2 M KCl solution. R110 was then pressure injected into the axon for a duration of 50 40ϫ 1.3 NA Plan-Neofluar oil immersion objective. The preparations were excited with the 514 nm band of a 100 mW air-cooled argon ms. The dispersal of R110 was followed by imaging the axon at fixed time intervals at an excitation wavelength of 490 Ϯ 6 nm. An ion laser (Ion Laser Technologies). Depending on the intensity of the signal, 0.3%, 1%, or 3% of the laser power was used. Emission image of the fluorescence observed prior to the injection of the dye was subtracted in order to set the baseline to zero. The diffusion was filtered through a 570 Ϯ 15 nm band-pass filter. In some images, an additional emission channel, filtered with a 655 Ϯ 45 nm bandcoefficient was calculated by fitting a model of one-dimensional diffusion to the experimental data. This method is applicable to our pass filter, was added. The confocal iris diameter was set to 2-3 mm, which, in combination with the objective, results in optical preparation because the axons maintain a long cylindrical morphology in culture, and since the radial equilibration of R110 is fast. This sectioning of ‫1ف‬ m in depth. Images were produced by either a single scan, by the accumulation of two scans, or by the averaging model can be described by the well-known function:
of two scans, depending on the signal strength and quality. The final images were prepared using commercially available software y(x,t) ϭ A exp(Ϫx 2 /(4Dt))
√4Dt
(Adobe Photoshop).
where t is the time from injection, x is the distance from the pointGaussian y t (x). We can mark w ϭ √8Dt, where w is the width parame- 
